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Abstract 

We show that submicron SiHcon spheres, whose polarizabihties are completely given by their 
two first Mie coefficients, are an excellent laboratory to test effects of both angle-suppressed and 
resonant differential scattering cross sections. Specifically, outstanding scattering angular distribu- 
tions, with zero forward or backward scattered intensity, (i.e., the so-called Kerker's conditions), 
previously discussed for hypothetical magnetodielectric particles, are now observed for those Si 
objects in the near infrared. Interesting new consequences for the corresponding optical forces are 
derived from the interplay, both in and out resonance, between the electric and magnetic induced 
dipoles. 
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INTRODUCTION 



The scattering properties of small particles having special electromagnetic properties has 
long been a topic of theoretical interest [l, 2|. Even in the simplest case of small or of dipo- 
lar scatteres, remarkable scattering effects of magnetodielectric particles were theoretically 
established by Kerker jsl concerning suppression or minimization of either forward or back- 
ward scattering. Notwithstanding, no concrete example of such particles that might present 
those interesting scattering properties in the visible or infrared regions has been proposed 
yet. Intriguing applications in scattering cancelation and cloaking 5| have renewed the 
interest in the field jc]. 

The interplay between electric and magnetic properties is a key ingredient determining 
the scattering characteristics of small objects. It also has a key role in the study of magneto- 
optical systems [t-IOI or in the quest for magnetic plasmons 11 1. The unavoidable problems 
of losses and saturation effects inherent to metamaterials in the optical and near infrared 
regimes have stimulated the study of high permittivity particles as their constitutive elements 



12-18] with unique electromagnetic properties, and antennas based on dielectric resonators 
19N21|. As regards radiation pressure, Ashkin 22| was the first to observe the effect of 



)oth their electric and magnetic resonances, which was theoretically analyzed by Chylek 
23I also in connection with higher order Mie coefficients. The first order resonances were 
subsequently theoretically studied [24] 

In this work we first address small dielectric particles, described by the first order Mie 
coefficients, as regards scattering properties similar to those reported for magnetodielectric 
spheres jsl,^. Secondly, we analyze how those scattering effects affect the radiation pressure 



exerted by the electromagnetic field on such partic 
of light induced interactions 



es 
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and dynamics 
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26 



34l |. This is relevant in the study 



43| of particles trapped or moved by 



light, topics with increasing number of applications. 



Only recent 



a theory of optical forces on small magnetodielectric particles has been 



developed j44, |45|. This includes pure dielectric particles which can be well described by 
their two first electric and magnetic Mie coefficients i45|; but again no concrete particles 
were addressed. However, in a later work, we have shown that Silicon spheres present dipolar 
magnetic and electric responses, characterized by their respective first order Mie coefficient, 
in the near infrared [46j, in such a way that either of them can be selected by choosing the 
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illumination wavelength. In the present work we show that they constitute such a previously 
quested real example of dipolar particle with either electric and/or magnetic response, of 
consequences both for their emitted intensity and behavior under electromagnetic forces. 

This paper is organized as follows: in Section 2 we discuss the scattering cross section 
properties of a magnetodielectric particle, and we propose a generalization of the so-called 
second Kerker condition j^. Then we introduce the real instance of a small Si sphere 
that illustrates these characteristics. It should be stressed that as far as we know, this is 
the first concrete example of such a kind of dipolar magnetodielectric particle, from whose 
resonances one can observe consequences on both the scattering cross section and the optical 
forces at different wavelengths in the near infrared. In Section 3 we address the optical force 
on such particles from an incident plane wave. We obtain an expression for this force in 
terms of the differential scattering cross sections and discuss the consequences, depending 
on the polarizabilities. In particular, we study the conditions for a minimum force, as well 
as the resulting force when the first and generalized second Kerker conditions hold. Then 
we illustrate these forces with the small Si sphere. The results indicate that this particle 
may suffer enhanced radiation pressure which is mainly due to the resonant induction of its 
magnetic dipole. 



SCATTERING CROSS SECTIONS. KERKER CONDITIONS 

Let us consider a small sphere of radius a immersed in an arbitrary lossless medium 
with relative dielectric permittivity e and magnetic permeability /i. Under illumination by 
an external field of frequency w, E = E*^*)(r)e~*'^*, B = B(*^(r)e~*'^*, the induced electric 
and magnetic dipoles p and m are written in terms of the electric and magnetic complex 
polarizabilities ae and as: p = E(*) and m = amB*^*). For a small sphere, with 
constitutive parameters and /ip, the dynamic polarizabilities are expressed in terms of 



the Mie coefficients ai and hi as 



jj : Q^e = ?>ieai/(2k^) and am = 3ibi/ {2fik^), {k is the 



wavenumber: k = y/ejl u)/c), which may be written in the form 45| : 



(0) (0) 



~ ~\ ■ 2 ; 3 (0) ' ~ ~, -2 /3 (0) ' '^^^ 

1 — t-^k^ae 1 — i^jik-^ain 
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In Eq. and am are static polarizabilities. The particle extinction, a^^^^\ absorption, 

cr*-"^ and scattering, a^^\ cross sections are written in terms of the polarizabihties as 



(ext) 



47rA;3 {e ^ae + iiQ.m] (2) 

The symbol means imaginary part. Energy conservation, i.e. the so-called "Optical 
Theorem", Eq. ([2]), imposes a^'^^^^ = 

In terms of the static polarizabilities, the absorption cross section is written as 

fT(") = 47rA;[(eA)-i53a(°) + fiB-^'^a'^^ (4) 
A=\l- B = \1 - t^fiPa^^^l', 

In absence of magnetic response, i.e. for an induced pure electric dipole (PED), the far 
field radiation pattern is give n by the differential scattering cross section which, averaged 



over incident polarizations, is 47|: 



^{e) = ^\e-W\'{i + cos'e), (5) 

being symmetrically distributed between forward and backward scattering. However, when 
we consider the contribution of both the electric and magnetic induced dipoles, we obtain 
0,0: 
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+ 2k^^^{aea*Jcose, (6) 

which is mainly distributed in the forward or backward region according to whether 3fJ(ae«m) 
is positive or negative, respectively. The symbol 3? means real part. In particular, the 
forward {6 = 0°; "+") and backward {6 = 180°; "-") directions, the intensities are simply 
given by 

-^^(±) = k^\e'^ae± fiam\ ■ (7) 

This asymmetry, arising from the interference between the electric and magnetic dipolar 
fields, lead to a number of interesting effects: 
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i) The intensity in the backscattering direction can be exactly zero whenever 

e-^ae=fia^ => ^(180°) = 0. (8) 



This anomaly corresponds to the so-called first Kerker condition (s], theoretically predicted 
for magnetodielectric particles having ep = fip. 

a) Although the intensity cannot be zero in the forward direction, (causality imposes 
O'ltte}, ^^{ttm} > 0), in absence of particle absorption, the forward scattered intensity is 
near a minimum at 



(180°). (9) 



-k^e ae 
3 



dn 

(Notice that the first line of Eq. (Q leads to a minimum of the intensity if in addition: 
Jmje^^ae} = '^{fiam} = minimum). For lossless magnetodielectric particles, Eq. (Q is 
mown as the second Kerker condition, and leads exactly to a zero minimum of da^^\0°)/dil 
sl, Q when = — (/ip — 4)/(2yUp + l) and the particle scattering is well characterized by the 
quasistatic approximation: 3fJa ~ 3fta''°\ '^a ~ ^^a^"-* ~ 0, of the Rayleigh limit: ka <^ 1, 
k\np\a <ti 1, in which [2], |45|: a'^^ = ea^ l^+2t ■> ~ k''~^(^^]^^^2fl- ^ matter of fact, this 
condition was derived in |3| under these approximations. It should be remarked that the 
actual intensity for a very small particle goes as ~ (ka)^^, which only when ka is well below 



1, would be negligible jo]. Otherwise, as is the case of the small particles here addressed, this 
intensity is near a non-zero minimum value of da^'\0°)/dn, as seen in Section 3. Although 
being of fundamental interest, no concrete example of dipolar magnetodielectric particles 
that might present such anomalous scattering in the visible or infrared regions has been 
proposed. 

Our derivation of the special scattering conditions ([8]) and (Q was obtained with the 
unique assumption that the radiation fields are well described by dipolar electric and mag- 
netic fields, including their generalization in terms of the coefficients ai and bi. This goes 
well beyond the Rayleigh limit and should apply to any small particle described by Eqs. ([T]) 
in terms of these two Mie coefficients. The first line of Eq. (jH]) can then be considered as 
a generalized second Kerker condition, and is the first result of this work. Specifically, the 
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second Kerker condition Eq. ^ also applies to purely dielectric spheres (fip = 1) provid- 
ing that their scattering properties may be fully described by the two first terms in the Mie 
expansion. 



AN INSTANCE OF MAGNETODIELECTRIC PARTICLE: A SILICON SPHERE 



A recent work [46|] reports that dielectric spheres whose refractive index is around 3.5 
and have size parameter ka between 0.75 and 1.5 produce a plane wave scattering which is 
with great accuracy given by only the two first Mie coefficients ai and bi, [see Eq. ([1])]. Here 
we next show that they are very convenient, real and unexpected objects, for testing Kerker 
conditions, as well as new scattering effects and their consequences on optical forces. 

An example is a Silicon sphere of radius a = 230nm, whose refractive index may well be 
approximated by ep = 3.5 in the range of near infrared wavelengths (A ~ 1.2 — 2/im ) of this 



study [46 1 . 



Figure 1 (a) shows the real and imaginary parts of the polarizabilities, [Eq. ([T])], whereas 
Fig. 1 (b) contains the differential scattering cross sections in the forward and backscattering 
directions. The maxima in ae and am, [see Fig. 1(a)], occur around 1300 nm and 1700 nm, 
respectively, and are well separated from each other. The sharp peaks of the differential 
scattering cross sections, [Fig. 1(b)], are mainly due to the corresponding dominant magnetic 
dipole contribution am near the first Mie resonance. One sees the values of A ~ 1825 nm and 
1530 nm at which ^Sjag} = Q{am}, which are where the first and second Kerker conditions 
hold for these polarizabilities, respectively. 

While the backward intensity drops to zero at the first Kerker condition wavelength, at 
the frequency of the second condition the radiated intensity is near a non-zero minimum in 
the forward direction. Dielectric spheres and, in particular, lossless Si particles in the near 
infrared, then constitute a realizable laboratory to observe such a special scattering. This is 
another main result of the present work. 

It should be observed that for a lossless particle as the one under study, the two Kerker 
conditions are a consequence of the optical theorem, Eq. ^), written for the electric and 
for the magnetic dipole, separately. This, in turn, obeys to the zero contribution of the self- 
interaction term between both dipoles, [i.e., the last term of Eq.(l6])], to the total scattering 
cross section. Then, if one imposes the equality of imaginary parts: ^cte = Qam, and 
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FIG. 1: Results for a Si sphere of radius a = 230nm; ep = 12 and //p = 1. The host medium has e = 
^ = 1. (a) Normalized real and imaginary parts of both the electric and magnetic polarizabilities. 
(b) Normalized differential scattering cross section in the forward and backscattering direction. 
The first and second Kerker conditions are marked by the right and left vertical lines, respectively. 

substracts from each other the optical theorem equations of each dipole, one immediately 
derives that = ±^am,- 



EFFECTS ON OPTICAL FORCES 

It is of interest to analyze the consequences of anomalous scattering properties in radiation 
pressure forces. For an incident plane wave, E*^*) = e^^^e*'^^" '" and B*^*) = b^^^e*'^^"''", the time 
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averaged force on a dipolar particle is written as the sum of three terms [45|: 



< F > 



< F, > 
so^o 



< F„ > + < Fe 



> 



(10) 



where Fq = efca^|e^*)p/2. The first two terms, < Fe > and < F^ >, correspond to the 
forces on the induced pure electric and magnetic dipoles, respectively. < Fe-m >, due to 



the interaction between both dipoles [4J, |45|] , is re 
intensity distribution, [cf. the last term in Eq. (j6])] 
for the radiation pressure force 



ated to the asymmetry in the scattered 



45| . From Eqs. and ffTOl) . one derives 



< F >= SqFo 



(0°) + 3 



180°) + -a 

ZTT 



(a) 



(11) 



Eq. (ITT!) , which is a main result of this work, emphasizes the dominant role of the backward 
scattering on radiation pressure forces. In turn, this is connected to the asymmetry param- 
eter < cos{6) > of the radiation pressure Q, Q]. Notice that Eq. ( ITT|1 . which is also valid 
for a pure dipole, either electric or magnetic, shows that the force due to a plane wave, 
which is all radiation pressure 45|, cannot be negative for ordinary host media with e and 
fi real and positive. This expression also manifests that the weight of the intensity in the 
backscattering direction is three times that of the forward scattered power. 

Equations (fTOj) and (fTT]) provide an appropriate framework to discuss the interplay be- 
tween special scattering properties and radiation pressure forces. Let us consider as a ref- 
erence the standard pure electric dipole (PED) case in absence of absorption, on which the 
force from the plane wave is 



2k^ 

< F >PED=< Fe >= Fo— Sole-^aeT- 



(12) 



(The following arguments would equally apply with a pure magnetic dipole). At a fixed 
electric polarizability, the addition of an extra magnetic dipole always leads to an increase 
of the total cross section. However, it does not necessarily imply an increase of the total 
force. 
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A minimum force 



As shown by Eq. (ITOl) . < F > cannot be zero, even if a^'^^ = 0; however, if the particle is 
lossless, by expressing the bracket of Eq. flTUl) as a hypersurface of the four variables JJag, 
O'cte, and Sa^, {Qae > 0, '^am > 0), it has the absolute minimum when e'^^a^ = 

H^am = which is trivial, of course. 

Nevertheless, the section of the surface Eq. ffTOj) at the planes = constant and 
'^ae = constant, has minima at ^^am = (l/2)e~^3?ae and fi'^am = {1 /2)e~^'^ae. Then, 
Eq. ffTOl) shows that this minimum force is 

<F>=fo3^So-|^ + |.-'aA (13) 
which for a lossless particle is 3/4 that on a pure electric dipole, Eq. ( !T2|) . Namely, < F >= 

I < Fe > . 

(Reciprocally occurs by choosing similar plane cuts for the magnetic polarizability, then 
an analogous result is obtained with respect to a pure magnetic dipole with the minimum 
force: Fo(2fc3)/(3a3)so(3/4)[3(T("V(27rA;^) + /i^la^p] when e-^ae = (l/2)/ia^). 

Also, Eq. (|6]) shows that now the differential scattering cross section of this magnetodi- 
electric particle is 

rirr ^ 

S = %i«en^(i+^os'^)+^os^]- (14) 

a\l e o 



A generalization of the case of a perfectly conducting sphere 

On the other hand, let us consider the case in which nam = (^l/2)e^^Q:*. Then, from 
Eqs. ffTOj) and (|6]) one has for the force on the particle: 

2k^ 3 

< F >= Fo— Soe-2[-|aeP + (15) 
Sa-^ 4 

and for the corresponding scattering cross section: 

^ = ^[^|ae|'(l + cos^ 6) - Pae)' - (53ae)2] cos^]. (16) 
a\l 8 

Equations ( !T5|) and (fT6|) become for a non-absorbing Rayleigh particle, for which SfJcte — 
3?af and ^ 2/{3e)k^\a^e^\^: 

<F>=Fo^So|e-^a(°)p; (17) 
9 



and: 

^ = ^l«fn^(l + cos^^)-cos^]. (18) 

Equations ( fT7|) and ( ITSl) represent a generalization of the force and differential scattering 
cross section, respectively, that apply to a perfectly conducting sphere at large wavelengths 
45 1 ■ for which = {—l/2)e~^a^e^ ^ (— l/2)a^ which is a particular case of the afore- 

mentioned condition: /ia^ = 

In addition, the Rayleigh limit, Eq. (fT7|) . of Eq. (fT5|) turns out to be 7/4 the force on a 
lossless PED, Eq. f|T2|) . when in Eq. f fT2|) one also takes this Rayleigh limit. (In Eq. f|T2|) the 
term FoSocr^'^Y(87rA;a'^) should be added if the particle is absorbing). Analogously happens 
for a magnetic dipole, if the electric polarizability is eliminated instead. 

Notice, however, that since the contribution of the term ^{aea'^) integrated over Q is 
zero, both differential cross sections, Eqs. (IT^ and ( !T6|) . yield the same total scattering 
cross section and, hence, the same radiation pressure excluding the component of the self- 
interaction force < Fe_m >. (Similar arguments hold for a magnetic dipole by choosing 
the force hypersurface cut: = constant and '^am = constant). Thus we have the 

interesting result on two particles with the same total scattering cross section, but quite 
different differential scattering cross sections, in particular in the forward and backscattering 
directions, and suffering completely different forces: the former a force Eq. I[TS\) which in the 
Rayleigh limit becomes 7/4 that of a pure non-absorbing dipole, while the latter experiencing 
a minimum force Eq. ( fl^) which becomes 3/4 that of a pure lossless dipole. 



Other relative minimum forces. Kerker conditions 

Another minimum force is obtained from Eq. (JTOl) under the condition that |e~^aep and 
l/iOmP be kept constant. This obviously happens when ^{e'^ae^a'^) = |e ""^^el |At«m|; then 
if for instance one keeps the condition: \fiam\ = (l/2)|e^^Q;e|, this force becomes again 3/4 
that of a pure dipole; whereas the differential scattering cross section of such particle is 9/2 
and 1/2 that of a pure dipole in the forward ad backscattering directions, respectively. This 
is perfectly explained by Eq.l ITT]) 

On the other hand, when |e~^aep = l/iOmP, then Eqs. ( fTOjl and (fTTl) show that this 
minimum force is equal to that of a pure electric dipole Eq. ( IT2l) . The differential scattering 
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cross section Eq. (|6]) then is zero in the backscattering direction, but is maximum and equal 
to four times that of a pure dipole, in the forward direction. Analogously can be reasoned, 
as before, with respect to a pure magnetic dipole if the magnetic parameters are chosen 
instead. 

An important case when |e^"'^Q;eP = l/ittmP, is that in which tp/t = fifip, which implies 
that e~^ae = fidm, namely, at the first Kerker condition, Eq.(|8]), then the corresponding 
force < F >fk that one obtains from Eqs. / fJOj) and / flT]) is, eliminating the magnetic 
constants, exactly equal to the force on a pure electric dipole Eq. (fT2il . Then < F >fk=< 
Fg >. (It should be remarked, however, that in this expression for < F >fk, the term 
FQSQa^'^y (Anka^) should now be added to Eq. (IT^ if the particle is absorbing). Or a 
reciprocal expression for < F > in terms of the magnetic polarizability if one substitutes 
e"^ae by fiam- 

Thus, the only difference between both forces: < F >fk on a particle holding the first 
Kerker condition and that on a pure electric dipole < F >ped, occurs when the particle is 
absorbing, then being: FoSoa^""^ /{Snka^). An equivalent result appears for a magnetic dipole. 
Also, Eq. ([6]) shows that this pure dipole cross section is non-zero in the backscattering 
direction, but in the forward direction it is 1/4 of the cross section from a magnetodielectric 
particle satisfying the first Kerker condition. 

At the second Kerker condition, Eq. ([9]): e~^af'^ = —jiam for Rayleigh lossless particles 
in the quasistatic approximation: |aep — |ae°^P, '^cxe — Q'ae^^ = 0, so that da{{)°) / dVt = 
and Eq. (JTOl) should lead to a force: 

<F>5i,= Fo^So|6-ia(°)r, (19) 

which would be three times that on a lossless pure (electric) dipole, Eq. (|T2l) . in that 
quasistatic approximation; (as before, we reciprocally argument in terms of a magnetic 
dipole if aln^ is chosen instead). Hence, the larger weight of the backscattering cross section 
in the force, [which in this case is: 4k'^{a^e^ /e)"^] , manifested by Eq. ( ITTj) . would contribute 
in this situation to such an increase of the averaged force on this particle on comparison 
with that on a pure dipole. 

At the generalized second Kerker condition, Eq. ([9]), beyond the Rayleigh limit, the 
corresponding force on the lossless particle then is: 

2P 

< F >SK= Fo— Soe-'[|«er + 2(SR«e)'], (20) 
11 



which in the Rayleigh hmit: 3?ae — 3?ai , Q'ae — 2/(3e)fc^|ai would become smaller and 
approximately equal to the quasistatic value Eq. (fT9|) . More generally, when |aep — (JR.aeY, 
Eq. fl20l) would again be three times the force on a pure electric dipole Eq. f|T2l) . 

Summary of the relationships between forces on different small spheres and that 
on a pure dipole 

To summarize this, we conclude that at the first generalized Kerker condition, Eq. 
the interference term of Eq. (fTOj) cancels out the magnetic contribution and we obtain 
< F >=< Fg >. At the second Kerker condition, Eq. iQ, where the backscattering is 
enhanced, <F>=3<Fe>. Notice that at both Kerker conditions the total scattering 
cross section is exactly the same; although the radiation pressures differ by a factor of 3. 
These properties are illustrated in Fig. 2, where we show the different contributions to the 
total time averaged force on a submicron Si particle. 

One can conclude from the above discussion derived from Eqs. f lTOj) and ffTT]) . that the 
force on the magnetodielectric particle is near (and equal to for a Rayleigh particle) R times 
that on a pure electric dipole, (R being a real number equal or larger than 3/4), , whenever: 

/iKa™ = (1/2)(1 ± V4i? - 3)e^^5?ae, 

fx^am = (1/2) 1 1 ± y/AR-3\e-^Qae. (21) 

Analogously occurs with a pure magnetic dipole whenever e~^^ae and e^^'^sa^ are recip- 
rocally replaced by jji^am and /iQ'am, respectively. Equation fl2Tl) summarizes the cases 
discussed before and shows that R cannot be smaller than R = 3/4, which would corre- 
spond to the minimum force Eq. f ll3p . The case of the PED corresponds to i? = 1 and the 
square root in Eq. ( 12T]) with negative sign, whereas R = 1 and the plus sign in that square 
root leads to the first Kerker condition. On the other hand, the case of the generalized 
second Kerker condition corresponds to i? = 3 and the minus sign in front of the square root 
of Eq.dni). 
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^nm) 

FIG. 2: Different contributions to the total radiation pressure, versus the wavelenght, for the 
Si particle of Fig. 1. Normalization is done by either the electric force magnitude {Ff.) or 
gain, the vertical lines mark, from right to left, the first and second Kerker con- 
ditions. Notice that when the first Kerker condition is fullfilled, i.e. = and = JRam; 

(F) = (Fe) = {Fm) = -{Fe-m). 

SILICON AND OTHER HIGH REFRACTIVE INDEX DIELECTRIC SPHERES: A 
LABORATORY TO TEST OPTICAL FORCES 

Figure 2 shows the different contributions to the total time averaged force on the Si 
particle studied in Fig. 1, presenting their peaks in the region of wavelengths where the 
magnetic dipole dominates. Hence we have the two additional remarkable results of this 
work as follows: 

First, there are regions of the spectrum, near the corresponding electric and magnetic Mie 
resonances, were '^Ue ^ JJoe o,nd '^Um ^ J^Om- This should he observed in future experi- 
ments in contrast with previous observations indicating the opposite result out of resonance 
0, Q] • [Notice that Eqs. ([1]) show that at the resonant values of the static polarizabilities 
ae°^ and , one has 'Stue = 'Slam = and Q'ae = 3e/(2P), ^Som = 3/(/i2A;^)]. 

Second, the strong peak in the radiation pressure force is mainly dominated by the first 
"magnetic" Mie resonance, concretely of '^am- This constitutes an illustration of dipolar 
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dielectric particle on which the optical force is not solely described by the electric polariz- 
ability. Also, in such a case the imaginary part of the polarizabihty is much larger than its 
real part. As a matter of fact, this is the opposite situation to the usual experiments with 
optical tweezers out of resonace, in which gradient forces, (that are proportional to 9ft{ae}), 
dominate over the radiation pressure or scattering force contribution, (which is proportional 
to 53{ae}) 



49|. 



Nonetheless, as the size of the particle increases, and for any dielectric particle, there is 
a crossover from electric to magnetic response as we approach the first Mie resonance, point 
at which there dominance of the magnetic dipole. 

Moreover, just at the resonance, and in absence of absorption, SfJIa^} = and 
^{o^m} = 3/{fi2k^). Then, the radiation pressure contribution of the magnetic term domi- 
nates the total force < F >^< >~ (3-FoSo)/(2A;^a^). Namely, in resonance the radiation 
pressure force presents a strong peak, the maximum force being independent of both material 
parameters and particle radius. On the other hand, the relationship between polarizabili- 
ties leading to Eq. ( IT5l) . approximately appears in Figs. 1(a) and 1(b) in the zone about 
A ~ 1450nm. 

In addition, we observe in Fig. 2 that at the wavelength where the first Kerker condition 
holds, as expected from Eq. ( ITOj) . the three components of the force are of equal magnitude, 
but the electric-magnetic dipole interaction force < Fe-m > contributes with negative sign 
and hence the total force equals either the electric or magnetic contribution, confirming 
the previous remarks. On the other hand, at the wavelength where the generalized second 
Kerker condition is fulfilled, the electric and magnetic force components are equal and the 
total force, in agreement wit Eq. (120|) . is almost three times either of them. 



CONCLUSIONS 

We have analyzed the scattering properties of magnetodielectric small particles, propos- 
ing a generalization of the second Kerker condition, and discussed the consequences for the 
optical forces. We have shown that real small dielectric particles made of non-magnetic 
materials present scattering properties similar to those previously reported for somewhat 



hypothetical magnetodielectric particles jsl, resulting from an interplay between real and 
imaginary parts of both electric and magnetic polarizabilities. Then we have discussed how 
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these scattering effects do also affect the radiation pressure on these small particles. Specif- 
ically, submicron Si (as well as Ge and Ti02) particles constitute an excellent laboratory to 
observe such remarkable scattering phenomena and force effects in the near infrared region. 
This kind of scattering, will strongly affect the dynamics of particle confinement in optical 
traps, which is also governed by both the gradient and curl forces [45.]; and which should 
be observable as soon as one introduces a spatial distribution of intensity in the incident 
wavefield, and plays with its polarization. We do believe, therefore, that our results should 
stimulate further experimental and theoretical work in this direction, since they suggest 
intriguing possibilities in rapid developing fields, ranging from optical trapping and particle 
manipulation to cloacking and the design of optical metamaterials based on lossless dielectric 
particles. 
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